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Outline
๏ Rare B decays to search for NP
• Effective approach
• Energy scale

๏  at LHCb
•  and  branching ratios
•  angular analysis

๏ Lepton Universality tests
• Electrons vs muons at LHCb
• Experimental results ( , , )

๏ Prospects
•  angular analysis
• With Run 2 data on tape
• With upcoming upgrade

b → sμμ
b → sμμ Bs → μ+μ−

B0 → K*μ+μ−

RK RK* RpK

B0 → K*e+e−
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“Rare B decays – theory and experiment”
Barcelona - 19/04/2016

Martino Borsato
USC – Santiago de Compostela
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 transitionsb → sℓℓ

๏  is a golden channel
• Flavour-changing  neutral current
• Forbidden at tree-level in SM → BR of 
• New physics contribution can be same order as SM

b → sℓ+ℓ−

b → s
10−6 − 10−10

3

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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Limits on NP scale
● FCNC are loop and CKM suppressed in SM

● NP may share or not these features (tree/loop, MFV or not)
 → di4erent limits on NP scale

Energy scale

๏  is loop and CKM suppressed in the SM

๏ New physics may share these features or not 
→ different energy reach

b → sℓℓ

4

→ more on the interpretation of  in Aritra Biswas talk b → sℓℓ

Effective Field Theory 

4

ℋeff = −
4GF

2

e2

16π2
VtbV*ts ∑

i

CiOi + h . c .

Effective-Hamiltonian approach 

NP enters here 
Ci = CSM

i + CNP
i

Operator encoding
Lorentz structure
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๏ Relevant dimension-6 operators:
• Four-quark operators  

(entering through hadronic effects) 
• Dipole operators C7(’) 

(constrained by radiative decays) 
• Semi-leptonic operators C9(’), C10(’) 
→ main interest for NP searches 

ℋeff = −
4GF

2

e2

16π2
VtbV*ts ∑

i

CiOi + h . c .
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 spectrumq2

6

Introduction

E↵ective Field Theories and Wilson coe�cients

E↵ective field theories:

!

He↵ = �GFp
2
VCKM

X

i

CiOi

Fermion operators Oi and Wilson coe�cients Ci
! Wilson coe�cients allow for model independent

comparison of di↵erent EWP measurements

q2
spectrum:

!"#$%&$%$"'$(

J/ (1S)

 (2S)C(0)
7

C(0)
7 C(0)

9
C(0)

9 C (0)
10

4 [m(µ)]2 q2

d�
dq2

)"*(

+,"-(*!.#)"'$(

',"#%!/01,".(&%,2(

)/,3$(,4$"('5)%2(

#5%$.5,6*((

cc̄

left-handed: Ci
right-handed: C0

i
photon: C7

(axial) vector: (C10) C9

4 / 16 David Gerick (LHCb collaboration) Electroweak Penguin Decays at LHCb (ICHEP 2020)

No photon pole  
for B → Pμμ

Photon pole  
for B → Vμμ

q2 [GeV2]

dΓ/dq2

C7

C9, C10 + long-distance 
C9, C10

cc̄

1561
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The LHCb experiment

8
M. Borsato - LAL LHCb - Rare decays 6

The LHCb experiment
A dedicated 4avour physics experiment in the forward region at the LHC

TrackingVELO PID Calorimeters Muon

๏ LHC  collisions at 7-13 TeV
• Huge  cross-section of order mb
• Large background 

๏ LHCb optimised to select b-hadrons
• In the forward region of  collisions
‣ Where most of  are produced

• Low-  triggers with calo and muon-ch.
‣ Running at lower luminosity w.r.t. ATLAS/CMS

• Identify displaced -hadron vertex
‣ Leveraging large boost in forward region

• Precise momenta with spectrometer
‣ Separate partially reconstructed b-hadron decays

pp
pp → bb̄X

σ(inelastic) ≃ 200σ(bb̄)

pp
bb̄

pT

b

Int.J.Mod.Phys. A 30, 1530022 (2015) 
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The LHCb experiment

๏ Excellent performance in  
LHC Run 1 and 2
• About   in the acceptance
• Recorded world-largest sample 

of   decays

1012 bb̄

b → sμμ

9

Run 1 ∼ 3/fb

Run 2 ∼ 6/fb
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Phys. Rev. Lett. 122 (2019) 191801



Anomalies in b→sµµ
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Branching ratio measurements

11

dB/dq2 in exclusive b→sµµ seems to undershoot SM predictions
• Theory uncertainties ~20-30% (hadronic form factors)
• Pattern is coherent, but predictions uncertainties are correlated
• Inclusive  measurement very hard at LHCbB → Xsμμ

Branching fraction

Di↵erential branching fractions of electroweak penguin decays

Di↵erential branching fractions are measured consistently lower than SM predictions
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B(s) → μ+μ−

๏ Purely leptonic  decay 
• Same diagrams as  (rotated)
• Much smaller BR because of helicity suppression
• More precise predictions because of µµ final state
• Theoretically clean probe of  Wilson coefficient
‣ Will be a key player to understand the anomalies in the near future

B(s) → μ+μ−

b → sμμ

C10

12

Rare-b decays

Model-independent description: Heff = � 4GFp
2
VtbV

⇤
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↵
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NEW!!

B0
s ! ��

⇤b ! ⇤�

In agreement with SM

B(s) ! µ+µ�

B(s) ! ⌧+⌧�

PRL. 118, 191801 (2017)

PRL. 118, 251802 (2017)

Several deviations

B ! K⇤µµ (P 0
5), ...

⇤b ! ⇤µµ (BR, angular)

4 / 19
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−µ+µ0(+)π → 0(+)B

µν
−µ p→ b

0Λ

µν
+µψ J/→ +

cB

LHCb
BDT > 0.5

Figure 1: Mass distribution of the selected B0
(s) ! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid, and the di↵erent components are detailed.

of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6

LHCb, PRL 118 (2017), 191801 

+ box diagram with neutrinos
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 LHC combinationB(s) → μ+μ−

๏ Latest BR predictions have precision at 4-5% level: 
 

๏ ATLAS+CMS+LHCb combination: 
 

 at 95% CL

ℬ (B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ (B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

ℬ (B0
s → μ+μ−) = (2.69+0.37

−0.35) × 10−9

ℬ (B0 → μ+μ−) < 1.9 × 10−10
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Figure 2: Value of �2�lnL for B(B0
s
! µ+µ�) (left) and B(B0 ! µ+µ�) (right), shown

in both as solid black line. In the left-hand plot, the dark (light) green dashed lines
represent the 1� (2�) interval. In the right-hand plot, the dark (light) blue dashed lines
represent the 90% (95%) CL. In both plots, the red solid band shows the SM prediction
with its uncertainty. The published results from the three experiments are detailed in
Ref. [1–3].
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Figure 3: Value of �2�lnL for the ratio of the B0 ! µ+µ� and B0
s
! µ+µ� branching

fractions, R, shown as solid black line. The light (dark) blue dashed line represents the
90% (95%) CL and the red solid band shows the SM prediction with its uncertainty. The
published results from the three experiments are detailed in Ref. [1–3].

68% CL interval (found where �2�lnL = 1), which reads

⌧B0
s!µ+µ� = 1.91+0.37

�0.35 ps. (14)
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Figure 1: In the left-hand plot, the two-dimensional likelihood contours of the results for
the B0

s
! µ+µ� and B0 ! µ+µ� decays for the three experiments are shown together with

their combination. The dataset used was collected from 2011 to 2016. The red dashed line
represents the ATLAS experiment, the green dot-dashed line the CMS experiment, the
blue long-dashed line the LHCb experiment and the continuous line their combination.
For each experiment and for the combination, likelihood contours correspond to the values
of �2�lnL = 2.3, 6.2, and 11.8, respectively. In the right-hand plot, the combination
of the three experiments is shown with contours of di↵erent shades. Likelihood contours
correspond to the values of �2�lnL = 2.3, 6.2, 11.8, 19.3, and 30.2, represented in order
by darkest to less dark colour. In both plots, the red point shows the SM predictions
with their uncertainties. The published results from the three experiments are detailed
in Ref. [1–3].

account. The resulting curve is shown in Fig. 3. The value of the ratio is determined to
be

R = 0.021+0.030
�0.025 (13)

and its upper limit at 90% (95)% CL isR < 0.052 (0.060). The upper limit is computed in
the same manner as for B(B0 ! µ+µ�), by integrating the likelihood only in the positive
region.

The CMS and LHCb experiments also measured the e↵ective lifetime of the observed
B0

s
! µ+µ� candidates. The LHCb B0

s
! µ+µ� e↵ective lifetime is measured from a

fit to the background-subtracted decay-time distribution of signal candidates. The CMS
measurement is determined with a two-dimensional likelihood fit to the proper decay
time and dimuon invariant mass; the model introduced in the likelihood fit adopts the
per-event decay time resolution as a conditional parameter in the resolution model. For
both experiments, the measurement is fully dominated by its statistical uncertainty, hence
the two results are uncorrelated. Two variable-width Gaussian likelihoods are used to
describe the CMS and LHCb original likelihoods and the value of �2�lnL obtained from
these functions (shown in Fig. 4) is then minimised to obtain the combined value and the

6

Beneke et al JHEP 10 (2019) 232

2.1σ deviation  
compatible with  
other anomalies

LHCb-CONF-2020-002
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Angular analysis

What are angular analyses?
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(c) � definition for the B0 decay

topology of decay angles

leptonic and hadronic decay part

decay kinematic parametrization using 3 angles:

✓K , ✓L, � (see left)

plus squared momentum transfer of di-leptons, q
2

Angular di↵erential decay rate:
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angular observables FL, AFB and Sx
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 angular analysisB0 → K*μ+μ−

๏  gives  
4-particle final state with rich 
structure

๏ Angular analysis in fine bins of  
performed with 6/fb  
(~4600 signal candidates)

๏ Kinematics defined by 3 angles
• Complicated description

B0 → K*(K+π−)μ+μ−

q2

14

Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

Measurement of CP-averaged observables in the B0! K ⇤0µ+µ�
decay

4 charged particle final state via K
⇤0 ! K

+⇡�

LHCb measured this decay two times:

2011 data [JHEP08(2013)131]

full Run 1 [JHEP02(2016)104]

existing tension to SM (prominent in P
(0)
5
)

now: update including 2016 data

! doubling the event statistics

[PRL125(2020)011802]
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Angular analysis of B0 ! K ⇤0e+e�
at very low q2

(1/2)

1
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Analysis roadmap

● Selection and characterisation
 Online selection
 Multivariate selection
 Optimisation
 Sample composition
 Mass -t

● Angular $t
 Strategy
 Angular acceptance
 Background modelling
 Validation

● Results Martino Borsato, Fabrice Desse B0 ! K⇤0e+e� angular analysis July 7
th

2020 4 / 20

μ+

μ−

PRL 125(2020)01 1802
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 angular analysisB0 → K*μ+μ−

๏ Measure 8 angular observables in 8  bins

๏ Deviations at 1-2 sigma level observed in some observables 
→ is it simply look-elsewhere effect?

q2

15

Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

B0! K ⇤0µ+µ�
: Resulting values of angular observables
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angular observables obtained by simultaneous fit to Run 1 + 2016 data (4.7 fb�1
)

SM predictions by [JHEP08(2016)098][arXiv:1503.0553] and [Eur.Phys.J.C75(2015)382][arXiv:1411.3161]
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 angular analysisB0 → K*μ+μ−

๏ Global fit of Wilson coefficients seems to indicate a pattern

๏ Deviations are best explained by a shift in 
• They agree between Run 1 and 2016 data
• Different observables give a coherent picture

C9

16

Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

B0! K ⇤0µ+µ�
: Global fits to C9 and C10

Global fit to obtain Wilson coe�cients from

results of angular observables

overall very consistent picture between

individual observables, i.e. AFB , FL and S5

results of the non-SM part of Wilson

coe�cients �Ci = Ci � CSM
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all global fit (plots) generated using Flavio by

D. Straub et al. [arXiv:1810.08132]
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Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

B0! K ⇤0µ+µ�
: Global fits to C9 and C10

consistent results between Run 1 and 2016

global fit clearly favours �C9 ⇡ �1.0 scenario over SM value

global discrepancy to SM is 3.3�
deviations are compatible with anomalies observed in LFU tests
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๏ Community has critical look on  loop mimicking NP effect in C9cc̄
Ciuchini et al  NPPP 285–286 (2017) 45–49 

SM

SM
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LU test in b→s𝓁𝓁: µ vs e

๏ Can use b→s𝓁𝓁 to test for LU-violating effects of New Physics

๏ Rare b→s𝓁𝓁 with 𝓁=τ are not observed yet

๏ Can compare BR with 𝓁=µ and e :

• LU QCD uncertainties completely cancels in the ratio
• Largest uncertainty remaining is  1% due to QED corrections 

(taken into account with PHOTOS, but with approximations) 

๏ Previous tests at B-factories not very sensitive

๏ LHCb has much better sensitivity, but electrons challenging
• Selection, bremsstrahlung, resolution, modelling

18

Bordone, Isidori, Pattori EPJC(2016)76:440

RK(⇤) =
B(B ! K(⇤)µµ)

B(B ! K(⇤)ee)



Martino Borsato - Heidelberg U.

e+e− at LHCb: Selection

19

๏ Electrons at LHCb:
• Being light, they are produced in a 

plethora of decay channels
• Trigger on large e±/h± energy deposit on 

calorimeters
• Electron ID relies on calorimeter for 

suppression of π mis-ID
• Large combinatorial background:  

machine-learning based classification 
using kinematics info and isolation

๏ Muons trigger and ID is easier
• Selection more efficient by factor ~3

                 
N (B+ → K+μ+μ−)
N (B+ → K+e+e−)

≃ 3

15/04/16 M. Borsato - USC 5

Selection of electron decays
● Level-0 online hardware trigger lines:

● Electron: large ET deposit in ECAL (main)
● Hadron: large ET deposit in HCAL (low q2)
2 triggering on kaon (also pion for RK*)

● Trigger independent of the signal tracks
2 all types of Level-0 trigger

● Electron identification
● ECAL energy deposit and associated track
● E/pc required to be close to 1

● Pre-selection has been optimized 
● can now go lower in pT
● Still learning how to best treat dielectrons

● Multivariate classifier (BDT) 
● trained to reject combinatorial background

Hardware trigger at LHCb:

Electron ID at LHCb

Int.J.Mod.Phys. A 30, 1530022 (2015) 

•
•

pT(μ±) > 1.5 − 1.8 GeV
ET(e±) > 2.5 − 3.0 GeV

Phys. Rev. Lett. 122 (2019) 191801
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e+e− at LHCb: Bremsstrahlung

๏ Boosted B from LHC collision
• Most electrons emit hard 

bremsstrahlung photon
• If emitted before the magnet it 

affects the momentum measurement 

๏ Brem-recovery algorithm searches 
for compatible deposits in the 
calorimeter
• Recovery efficiency is limited 

(but well reproduced in simulation)
• ECAL resolution is worse than 

spectrometer (1-2% vs 0.5%)

20

Tail due to missed  
upstream brew

ECAL  
resolution

unofficial plot

140 MeV
40 MeV

ECAL

VELO

Recover brem   
in this region

e ± track

Int.J.Mod.Phys. A 30, 1530022 (2015) 
LHCb, JHEP 08 (2017) 055
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e+e− at LHCb:  Resolution

๏ Background with missing pion due to mass resolution

๏ Combinatorial background is larger (many electrons)

๏ Signal mass shape controlled with  channelJ/ψ → e+e−

21
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e+e− at LHCb: Modelling
๏ Use double ratio: 

 
 

๏ Crosschecks universality of QCD in  resonances

๏ Can also test that RK measured at the ψ(2S) is 1 
→ checked with 1.3% precision

cc̄

rJ/ψ =
B (B+ → J/ψ ( → μ+μ−) K+)
B (B+ → J/ψ ( → e+e−) K+)

= 1.014 ± 0.035

22

15/04/16 M. Borsato - USC 8

LHCb: PRL 113(2014),151601

2 cancel systematics
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Phys. Rev. Lett. 122 (2019) 191801
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RK result

๏ Measured with 2011-2016 dataset  
(5/fb at √s=7, 8 and 13 TeV)

๏ Measured central q2 region [1-6] GeV2

๏ Yield of ~766 events  
(vs ~1943 in ) driving 
the total uncertainty:
• 7% statistical error vs 2% systematic

๏  is found to be lower than 1 by ~15%
• Still compatible with the SM at 2.5σ 

level

B+ → K+e+e−

B+ → K+μ+μ−

RK

23

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2019-043
LHCb-PAPER-2019-009

22 March 2019

Search for lepton-universality

violation in B+! K+`+`� decays

LHCb collaboration†

Abstract

A measurement of the ratio of branching fractions of the decays B+
! K+µ+µ�

and B+
! K+e+e� is presented. The proton-proton collision data used corre-

spond to an integrated luminosity of 5.0 fb�1 recorded with the LHCb experiment
at centre-of-mass energies of 7, 8 and 13TeV. For the dilepton mass-squared
range 1.1 < q2 < 6.0GeV2/c4 the ratio of branching fractions is measured to be
RK = 0.846+0.060

� 0.054
+0.016
� 0.014, where the first uncertainty is statistical and the second

systematic. This is the most precise measurement of RK to date and is compatible
with the Standard Model at the level of 2.5 standard deviations.

Published in Phys. Rev. Lett. 122 (2019) 191801.

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Full author list given at the end of the Letter.
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Figure 1: Comparison of the LHCb RK measurements with previous experimental results from

LHCb [1] and the B factories [2, 3]. The LHCb Run 1 result is greyed out since it is superseded

by the new result.
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RK* result

๏ Similar deviation was observed  
in  using Run 1 data

๏ Precision of ~17% in both bins, statistically 
dominated

๏ Upcoming Run 1 + Run 2 update expected 
to reduce uncertainty by factor ~2

RK*
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The RK∗0 ratio is measured in two regions of the dilepton invariant mass squared to be

RK∗0 =





0.66 + 0.11

− 0.07 (stat)± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
− 0.07 (stat)± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The

results, which represent the most precise measurements of RK∗0 to date, are compatible

with the SM expectations [26–36] at 2.1–2.3 standard deviations for the low-q2 region

and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical

prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-

tions [27–36] lead to predictions for RK∗0 in the central-q2 region that are similar to the

value observed; smaller deviations are expected at low-q2. The larger data set currently

being accumulated by the LHCb collaboration will allow for more precise tests of these

predictions.
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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LU test in baryons
๏ New test of LU in 
• Using Run 1 + 2016 dataset (4.7/fb)

๏ Similar physics as  and 
• Different final state and selection
• Different backgrounds and systematic 

uncertainties

๏ Crosscheck using 

๏ Measured phase space region:
•
•

Λb → pK−ℓ+ℓ−

RK

Λb → pK−J/ψ

m(pK−) > 2.6 GeV
0.1 < q2 < 6.0 GeV2
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A coherent pattern?
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Table 1 Best-fit values, 1 and
2σ ranges, and pulls
(cf. Eq. (13)) between the
best-fit point and the SM point
for scenarios with NP in a single
Wilson coefficient (or Wilson
coefficient combination). For
the scalar Wilson coefficients,
we show the SM-like solution,
while also a sign-flipped
solution is allowed, see [76]

Coeff. Best fit 1σ 2σ Pull

Cbsµµ
9 −0.97 [−1.12, −0.81] [−1.27, −0.65] 5.9σ

C ′bsµµ
9 +0.14 [−0.03, +0.32] [−0.20, +0.51] 0.8σ

Cbsµµ
10 +0.75 [+0.62, +0.89] [+0.48, +1.03] 5.7σ

C ′bsµµ
10 −0.24 [−0.36, −0.12] [−0.49, +0.00] 2.0σ

Cbsµµ
9 = Cbsµµ

10 +0.20 [+0.06, +0.36] [−0.09, +0.52] 1.4σ

Cbsµµ
9 = −Cbsµµ

10 −0.53 [−0.61, −0.45] [−0.69, −0.37] 6.6σ

Cbsee
9 +0.93 [+0.66, +1.17] [+0.40, +1.42] 3.5σ

C ′bsee
9 +0.39 [+0.05, +0.65] [−0.27, +0.95] 1.2σ

Cbsee
10 −0.83 [−1.05, −0.60] [−1.28, −0.37] 3.6σ

C ′bsee
10 −0.27 [−0.57, −0.02] [−0.84, +0.26] 1.1σ

Cbsee
9 = Cbsee

10 −1.49 [−1.79, −1.18] [−2.05, −0.79] 3.2σ

Cbsee
9 = −Cbsee

10 +0.47 [+0.33, +0.59] [+0.20, +0.73] 3.5σ
(
Cbsµµ
S = −Cbsµµ

P

)
× GeV −0.006 [−0.009, −0.003] [−0.014, −0.001] 2.8σ

(
C ′bsµµ
S = C ′bsµµ

P

)
× GeV −0.006 [−0.009, −0.003] [−0.014, −0.001] 2.8σ

preference of the combination discussed in Appendix A for
a suppressed Bs → µ+µ− branching ratio means that a
destructive interference of these Wilson coefficients with the
SM contribution to the leptonic decay can lead to a moderate
improvement of the likelihood.

3.1.2 Scenarios with a pair of Wilson coefficients

Next, we consider the likelihood in the space of pairs of
Wilson coefficients. The results in Table 1 suggest that NP
in both Cbsµµ

9 and Cbsµµ
10 ought to give an excellent fit to

the data. The left plot of Fig. 1 shows the best fit regions
in the Cbsµµ

9 -Cbsµµ
10 plane. The orange regions correspond

to the 1σ constraints from b → sµµ observables (includ-
ing Bs → µ+µ−) and observables whose uncertainties
are correlated with those of the b → sµµ observables
(cf. last point in Sect. 2). In blue we show regions corre-
sponding to the 1σ (right plot) and 2σ (left plot) constraints
from the neutral-current LFU (NCLFU) observables RK ,
RK ∗ , DP ′

4
, and DP ′

5
. In the right plot, the 1σ constraints

from only RK (purple) and only RK ∗ (pink) are shown.
The combined 1 and 2σ region is shown in red. The dot-
ted contours indicate the situation without the Moriond-2019
results for RK and RK ∗ . The best fit point Cbsµµ

9 & −0.73
and Cbsµµ

10 & 0.40 has a
√

"χ2 = 6.6, which, corrected
for the two degrees of freedom, corresponds to a pull of
6.3σ . In this scenario a slight tension between RK and
RK ∗ remains, as it predicts RK & RK ∗ while the data
seems to indicate RK > RK ∗ . In addition, there is also a
slight tension between the fit to NCLFU observables and

the fit to b → sµµ ones, especially in the Cbsµµ
9 direc-

tion.
Overall, we find a similarly good fit of the data in a sce-

nario with NP in Cbsµµ
9 and C ′bsµµ

9 . The scenario is shown
in the right plot of Fig. 1. The best fit values for the Wil-
son coefficients are Cbsµµ

9 & −1.06 and C ′bsµµ
9 & 0.47.

The
√

"χ2 = 6.4 corresponds to a pull of 6.0σ . Inter-
estingly, in this scenario a non-zero C ′bsµµ

9 is preferred at
the 2σ level. The right-handed quark current allows one to
accommodate the current experimental results for the LFU
ratios, RK > RK ∗ . This scenario cannot address the ten-
sion in BR(Bs → µ+µ−). It predicts BR(Bs → µ+µ−) =
BR(Bs → µ+µ−)SM.

Other two-coefficient scenarios (including dipole coeffi-
cients, scalar coefficients, and electron specific semileptonic
coefficients) are discussed in Appendix E.

3.1.3 Universal vs. non-universal Wilson coefficients

In view of the updated RK (∗) measurements, which are closer
to the SM prediction than the Run-1 results, our fit in Cbsµµ

9

andCbsµµ
10 shows a tension between the fit to NCLFU observ-

ables and the fit to b → sµµ ones, especially in the Cbsµµ
9

direction. Therefore, it is interesting to investigate whether
lepton flavour universal new physics that mostly affects
b → sµµ observables but none of the NCLFU observables
is preferred by the global analysis. In Fig. 2 we show the like-
lihood in the space of a LFU contribution to C9 vs. a purely
muonic contribution to the linear combination C9 = −C10,
i.e. we consider a two-parameter scenario where the total NP

123
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A coherent pattern?
๏ LU deviations (theoretically clean) are consistent  

with b→sµµ BR and angular analyses if NP only in µ
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Fig. 1 Likelihood contours of the global fit and several fits to subsets
of observables (see text for details) in the plane of the WET Wilson
coefficients Cbsµµ

9 and Cbsµµ
10 (left), and Cbsµµ

9 and C ′bsµµ
9 (right).

Solid (dashed) contours include (exclude) the Moriond-2019 results for

RK and RK ∗ . As RK only constrains a single combination of Wilson
coefficients in the right plot, its 1σ contour corresponds to "χ2 = 1.
For the other fits, 1 and 2σ contours correspond to "χ2 ≈ 2.3 and 6.2,
respectively

Wilson coefficients are given by6

Cbsµµ
9 = "Cbsµµ

9 + Cuniv.
9 , (15)

Cbsee
9 = Cbsττ

9 = Cuniv.
9 , (16)

Cbsµµ
10 = −"Cbsµµ

9 , (17)

Cbsee
10 = Cbsττ

10 = 0 . (18)

The best fit values in this scenario are Cuniv.
9 = −0.49 and

"Cbsµµ
9 = −0.44 with a

√
"χ2 = 6.8 that corresponds to a

pull of 6.5σ . The updated values of RK (∗) favour a nonzero
lepton flavour universal contribution to C9 in this scenario.

One qualification is in order at this point. It is conceivable
that a new effect in C9, and all the more the Cuniv.

9 contribu-
tion discussed above, is mimicked by a hadronic SM effect
that couples to the lepton current via a virtual photon, for
example charm-loop effects at low q2 and resonance effects
at high q2, see e.g. [81–83]. In our analysis, this possibility
is taken into account in the uncertainty attached to the rele-
vant observables that contribute to the (yellow) b → sµµ
region in Fig. 2. Specifically, non-factorizable effects are
parameterized as in [59] which, at 1σ , envelops the hadronic

6 Such decomposition was adopted for the first time in [80], to which
we refer the reader for additional scenarios beyond the one we consider.
We note that a shift in Cuniv.

10 would not produce a good overall fit. This
may be appreciated from Fig. 1 (left). A Cuniv.

10 shift would only move
the (yellow) b → sµµ region vertically, hence it would not help reach
better agreement with the (blue) NCLFU region. We therefore set non-
muonic C10 contributions to zero for simplicity.
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Fig. 2 Likelihood contours from NCLFU observables (RK (∗) and
DP ′

4,5
), b → sµµ observables, and the global fit in the plane of a

lepton flavour universal contribution toCuniv.
9 ≡ Cbs%%

9 ,∀%, and a muon-
specific contribution to the linear combination C9 = −C10 (see text for
details). Solid (dashed) contours include (exclude) the Moriond-2019
results for RK and RK ∗

effects identified in [10,84]. With such ‘standard’ procedure
(adopted e.g. also in [85–87]), the global fit in Fig. 2 requires
a non-SM Cuniv.

9 shift at slightly more than 1σ .
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 angular analysisB0 → K*e+e−

๏ Angular analysis at very low  
• Aim is to measure  
• No sensitivity to Lepton Universality
• Lower background made analysis 

possible already in Run 1

๏ New Run 2 analysis showcases the 
great improvements in the LHCb 
analyses of 

๏ Next step is to extend the analysis 
to higher  values and compare to 
muons

q2

b → sγ*

b → see
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Figure 3: Invariant mass distribution for (a) the B0 ! K⇤0�e+e� and (b) the B0 ! K⇤0e+e�

decay modes and the three trigger categories grouped together. The dashed line is the signal
PDF, the light grey area corresponds to the combinatorial background and the dark grey area
is the PR background. The solid line is the total PDF. The two vertical dotted lines on the
B0! K⇤0e+e� plot indicate the signal window that is used in the angular fit.

6 Angular acceptance and angular modelling of the

backgrounds

6.1 Angular acceptance

The angular acceptance is factorised as "(cos ✓`, cos ✓K , �̃) = "(cos ✓`)"(cos ✓K)"(�̃) as
supported by simulation studies. The three corresponding one-dimensional angular dis-
tributions for the B0 ! K⇤0e+e� decay are distorted by the geometrical acceptance of
the detector, the trigger, the event reconstruction and the selection. Furthermore, their
precise shapes depend upon the various trigger categories, each being enriched in events
with di↵erent kinematic properties. For the �̃ angle, a uniform acceptance is expected.
However, there are distortions in both the cos ✓` and cos ✓K distributions, mainly arising
from requirements on the transverse momenta of the particles. The cos ✓K acceptance
is asymmetric due to the momentum imbalance between the kaon and the pion from
the K⇤0 decay in the laboratory frame due to their di↵erent masses. The cos ✓K and
cos ✓` acceptance distributions are modelled on simulated B0 ! K⇤0e+e� events with
Legendre polynomials of fourth order. The functions chosen to model the cos ✓` acceptance
are assumed to be symmetric and modified by a linear term to estimate the systematic
uncertainty on the ARe

T parameter. For the �̃ acceptance, no significant deviation from
uniformity is observed. To estimate the systematic uncertainty, modulations in cos 2�̃
or sin 2�̃ are allowed. Such modulations are the most harmful ones since they may be
confused with physics processes yielding non-zero values of A(2)

T or AIm
T .

9

Run 1

Run 1+2 LH
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 angular analysisB0 → K*e+e−
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Upcoming Run 2 analyses

๏ Updates with full Run 2:
•
•
•

๏ New analyses:
•
• Search for 

B(s) → μ+μ−

B0 → K*μ+μ−

Bs → ϕμ+μ−

B+ → K*+μ+μ−

B → K*τ+τ−

31

C
ERN

-LH
C

C
-2018-027

Prospects for LU testsProspects for muons

๏ Also several LFV 
searches ( , )e+μ− μ+τ−

https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865
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LHCb upgrade

๏ Preparing upgrade for LHC Run 3 and 4
• Higher luminosity → collect 50/fb by the end of Run 4
• Upgrade to maintain performance and improve trigger 

capabilities

๏ Upgraded LHCb detector:
• More precise vertexing and tracking systems
• Completely new readout system: throughput of 32 Tbps
• Full software trigger on 500 modern GPUs

32

ICHEP2020, 28 July – 6 August 2020 

LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4

• full software trigger and readout all detectors at 40MHz

• replace tracking detectors + PID + VELO and ℒ ~ 2 x 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 

• Use new detector technologies + timing to increase ℒ ~ 1.5 x 1034 sec-1 cm-2

See ICHEP talk by Federico

https://indico.cern.ch/event/868940/contributions/3813743/
https://indico.cern.ch/event/868940/contributions/3813743/
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Prospects for LU tests precision

33

Figure 24: Projected uncertainty for various RHc ratios from the Belle-II and LHCb experiments
(years are indicative). The Belle-II uncertainties include estimates of the evolution of the
systematic uncertainties. The systematic uncertainties at LHCb are assumed to scale with the
accumulated statistics until they reach limits at 0.003, 0.004 and 0.012 for RD⇤ , RD and RJ/ ,
and 0.006 for both RDs and R⇤c .
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Figure 25: Projected uncertainty for various RHs ratios from the Belle-II and LHCb experiments
(years are indicative) in the range ⇠ 1 < q

2
< 6 GeV2

/c
4. The Belle-II values include estimates

of the evolution of the systematic uncertainties (for RK⇤ , the charged and neutral channels have
been combined). The LHCb uncertainties are statistical only (the precision of all measurements
will be dominated by the size of the available data samples except for RK and RK⇤ at 300 fb�1).

44

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have yet to be observed, a scaled
estimate from the corresponding muon mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+ ! K+e+e� 254 ± 29 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 20 70 150 900
RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant backgrounds) and by the energy
resolution. A reduced amount of material before the magnet would reduce the amount of
bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the

78

∆ between e  
and µ modes

CERN-LHCC-2018-027
Bifani et al, J.Phys.G 46 (2019) 2, 023001

 with 7% precision 
using data up to 2016
RK

Outdated Belle II schedule

https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.08865
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Summary

๏ Anomalies in the  sector are still interesting
• Are we seeing a coherent pattern of anomalies?

๏ More data needed to solve the puzzle
• Upcoming analyses of Run 2 data (on tape)
• Upcoming LHCb upgrade (starting data-taking in 2021)
• Other experiments: Belle II, CMS, ATLAS

๏ Stay tuned for new results

b → sℓℓ

34
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Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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16⇡
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Analysis roadmap

● Selection and characterisation
 Online selection
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: Angular analysisB0 → K*e+e−
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๏ Folding  angle to simplify 
the 3D angular expression: 

ϕ

Angular analysis of B0 ! K ⇤0e+e�
at very low q2

(2/2)

Sensitivity to the photon polarization

b ! s� sensitivity at q2 ! 0
Sensitivity to � polarization in:
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 photon polarisation:B0 → K*γ
AR(L) ≡ |AR(L) |eiϕR(L), tan χ ≡ AR/AL

A (2)
T ≃ sin(2χ)cos(ϕL − ϕR),

AIm
T ≃ sin(2χ)sin(ϕL − ϕR),
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: Control channelB0 → K*e+e−

๏  has much larger BR
• Same final state as  when  

converts to  in the material
• Can be well separated with material veto 

and cut on  

๏ Use  as control for 
• Very similar signal shape and background 

composition to signal
• Fit  distribution to validate 

signal fit (found 2950  candidates)
• Fitted  to  found to be compatible 

with 0 with sub-percent precision 
→ due to real , longitudinal polarisation 
fraction  is expected to be zero

B0 → K*γ
B0 → K*e+e− γ

e+e−

m(e+e−) > 10 MeV

B0 → K*γ B0 → K*e+e−

m(K+π−e+e−)
B0 → K*γ

FL cos θK

γ
FL
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: Angular fitB0 → K*e+e−

๏ Fit to B mass and angles
• In reduced mass region
• Semilept+combinatorial 

(SL/C) modelled using 
 data 

candidates
• Other backgrounds from 

simulation
• Fit procedure thoroughly 

tested with pseudo-
experiments 

B → K*μ±e∓
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: ResultsB0 → K*e+e−

๏ Main systematics from signal 
acceptance and angular background 
modelling

๏ Statistical error still dominates

๏ Measurements of  and 
 are also interesting 

in the context of  angular 
analysis anomalies (see David’s talk)

๏ The analysis prepares the ground for 
lepton universality tests in the angles

๏  and  are sensitive to 

FL
ARe

T = 3
4 AFB(1 − FL)

B0 → K*μ+μ−

A (2)
T A Im

T C′ 7
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T = + 0.015 ± 0.102 ± 0.012
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The first RK* bin

๏ Favoured region of q2 is [1.1-6]
• Far from photon pole and from J/ψ tail
• Sensitive to New Physics in C9 and C10

๏ Thanks to photon pole the [4mµ2 - 1.1] bin has 
enough statistics for a measurement
• Dominated by dipole operator O7

‣ C7 already very constrained by b→sγ
‣ Deviation pointing to underestimated systematic?

• SM LU is broken close to threshold
• LUV breaks cancellation of form factors

40

8

FIG. 2: Predictions and experimental measurements for the
Q̂i and B5, B6s observables in specific bins. In each case,
from left to right, the predictions are given for the SM (filled
black box) and for the Scenarios 1 to 5 (in this order) de-
fined in App. C. The dashed red interval corresponds to the
experimental measurement, when available.

searches [72] and electroweak precision observables [73].
However, there is no e↵ect in b ! s⌫⌫̄ processes in the
case of a contribution C

NP
1 = �C

NP
3 to gauge-invariant

operators [74], which can be achieved with the vector LQ
SU(2) singlet [58, 59] or with a combination of two scalar
LQs [75]. In both cases large e↵ects in b ! s⌧+⌧� (of
the order of 10�3 for Bs ! ⌧+⌧�) are predicted [75].

Assuming that the coupling to the second generation
is sizeable in order to avoid the bounds from direct LHC
searches and electroweak precision observables one finds

C9(10)⌧ ⇡ C
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9(10) � (+)2

⇡
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Vcb

V ⇤
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RD(⇤)

RSM
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� 1

!
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Furthermore, in LQ models one expects sizeable branch-
ing ratios for b ! s⌧µ processes, reaching 10�5 [75].

Appendix C: Future opportunities for LFUV

The best NP scenarios obtained from the global fits
have a similar goodness of fit and describe the anoma-
lies with an equivalent success. New measurements will
determine eventually which scenario gets singled out. In
this respect, a few of the optimised observables measuring
LFUV proposed in Ref. [11] are particularly promising,
with pioneering measurements from the Belle experiment
for Q4,5 [9].

In order to illustrate the future potential for estab-
lishing which one (if any) of the various NP scenarios
is preferred, we consider not only RK,K?,� but also the

observables Q̂1,2,4,5 and B5,6s in the same q2 bins as
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FIG. 3: Predictions and experimental measurements for RK ,
RK⇤ and R� with the same conventions as Fig. 2. In the
central box, the predictions for RK are given for the bin
[1,6] GeV2, whereas RK⇤ and R� are given in [1.1,6] GeV2.
The low-recoil bin corresponds to [15,22] GeV2, [15,19] GeV2

or [15,18.8] GeV2 for RK , RK? and R� respectively. The
smaller uncertainties in R� (compared to RK?) is due to the
choice of form factors in each case, see Sec. 2.

the RK? LHCb measurements: [0.045, 1.1], [1.1, 6.0] and
[15, 19] GeV2, and calculate the predictions within the
SM as well as within five “good” scenarios from Section 3:

I Scenario 1: CNP
9µ = �1.1,

I Scenario 2: CNP
9µ = �CNP

10µ = �0.61,

I Scenario 3: CNP
9µ = �C 0

9µ = �1.01,

I Scenario 4: CNP
9µ = �3CNP

9e = �1.06,

I Scenario 5: The best fit point in the six-dimensional
fit (Table III).

The results are summarised in Figs. 2 and 3, where
we show only the most interesting cases. We find that:

I As it is well known, RK cannot distinguish between
Scenario 3 and the SM, but it is optimal to identify NP
in the case of Scenarios 1, 2 and 4. However, it cannot
distinguish well among them. This is true in all the
three bins considered here. RK? has large uncertainties
at large recoil, but it has good sensitivity to Scenario 2
in the bin [1.1,6] (although di�cult to distinguish from
the other NP scenarios). In the same bin R� is slightly
better. The low-recoil bin of RK? and R� is particularly
promising to decouple Scenarios 1 and 5 from each other
and the SM, but only if experimental uncertainties are
small.

I hQ̂2i
[0.045,1.1] should be very approximately SM-like.

It may thus be used as a control observable.

I The observable hQ̂5i
[1.1,6] emerges as a promising one
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•  Community have started to look critically at the 
theory predictions – in particular, the O1,2 
operators have a component that could mimic a 
NP effect in C9 through cc loop 

•  Effect can be parameterised as function of three 
helicity amplitudes, h+-0  [EPJC (2017) 77: 377]  
–  Absorb effect of these amplitudes into a helicity 

dependent shift in C9,                                        
 C9

SM + ΔC9
+-0(q2)       cf.     C9

SM + ΔC9
NP     

–   Look for q2 and helicity dependence of shift in C9 

–  “The absence of a q2 and helicity dependence is 
intriguing, but cannot exclude a hadronic effect as 
the origin of the apparent discrepancies”   

•  Recent 1st NLO calculation of contribution 
includes phases between long and short-
distance amplitudes for 1st time  

Anomalies in b→sµµ (?)
๏ Community has critical look on cc 

loop mimicking NP effect in C9 
(vector current)

๏ Possible experimental handles:
• NP in C9 would give helicity and q2 

independent effect while hadronic 
effects could be helicity and q2 
dependent 

• Perform full angular analysis of 
B→K*µµ including cc resonances 
and measure interference phases 
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b→sll interpretation 
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•  Community have started to look critically at the 
theory predictions – in particular, the O1,2 
operators have a component that could mimic a 
NP effect in C9 through cc loop 

•  Effect can be parameterised as function of three 
helicity amplitudes, h+-0  [EPJC (2017) 77: 377]  
–  Absorb effect of these amplitudes into a helicity 

dependent shift in C9,                                        
 C9

SM + ΔC9
+-0(q2)       cf.     C9

SM + ΔC9
NP     

–   Look for q2 and helicity dependence of shift in C9 

–  “The absence of a q2 and helicity dependence is 
intriguing, but cannot exclude a hadronic effect as 
the origin of the apparent discrepancies”   

•  Recent 1st NLO calculation of contribution 
includes phases between long and short-
distance amplitudes for 1st time  

Global fit as a function of q2

Blake et al., arXiv:1709.03921 

W.Altmannshofer et al Eur.Phys.J. C77 (2017) no.6, 377

no  q2 dependence  
in current data
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